Introduction
Pluripotency refers to the potential of a cell to differentiate into all three germ layers of embryo develop ment. Over time pluripote nt stem cells ( PSCs) differentiate to de ned cell type s and produce the fi increasing complexity of the developing organism (Chenoweth et al., 2010; Hackett and Surani, 2014; Nichols et al., 1998) . These differentiated cells ultimately contribute to all somatic and germline cell types within the adult body (Hackett and Surani, 2014) . PSCs are also capable of indefinite self-renewal in culture, thereby maintaining a pool of cells useful to study the development of potentially all cell types (Hackett and Surani, 2014; Shenghui et al., 2009) . During early mouse development PSCs have distinct characteristics based on temporal and spatial factors (Hillman et al., 1972; Nichols and Smith, 2009; Nichols et al., Stem Cell Research 26 (2018) 36 43 -1998). Two distinct pluripotent states are described in the mouse that mark differences between the pre-and post-implantation epiblas t (cells that form the embryo proper), the naive (or ground state) and primed states of pl uripotency respectively (Davidson et al., 2015; Hackett and Surani, 2014; Nichols and Smith, 2009; Weinberger et al., 2016) . It should be noted that the term ground state more accurately describes the transient state of naive pluripotency in vivo, and the term naive is used more commonly to describe pluripotent cells that do not have biased lineage speci cati on ( ), fi
Hackett and Su rani, 2014 and this is how these terms will be used in this review. Naive and primed states can be differentiated via differential gene expression, epigenetics and metabolic function (Davidson et al., 2015; Hackett and Surani, 2014; Nichols and Smith, 2009; Weinberger et al., 2016) . Mouse embryonic stem cells (mESCs) are derived from the inner cell mass (ICM) of the developing blastocyst or the early preimplantation epiblast, and are described as existing in a naive st ate in culture. While post implantation mouse epiblast derived stem cells (mEpiSCs) are said to exist in a primed state (Bernemann et al., 2011; Nichols and Smith, 2012) . These ndings set the foundations for describing fi and comparing different states of pluripotency in mammals, of which there may be more transient states during development that are as yet uncharacterised (Manor et al., 2015; Smith, 2017; Weinberg er et al., 2016) . It has more recently been proposed that naive and primed states also exist in the human, however results so far have not been as de nitive as in the mouse. Human embryonic stem cells (hESCs) defi rived in a similar fashion to mESCs, as well as human induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007; Yu et al., 2007) exhibit similar characteristics to mEpiSCs, and are also said to be in a primed state ( ). Davidson et al., 2015; Tesar et al., 2007; Thomson et al., 1998 This has led to attempts to identify conditions that produce hESCs and hiPSCs with naive properties representative of an earlier stage of pluripotency in human development (Chan et al., 2013; Duggal et al., 2015; Gafni et al., 2013; Guo et al., 2017; Hanna et al., 2010; Qin et al., 2016; Takashima et al., 2014; Theunissen et al., 2014; Wang et al., 2014; Ware et al., 2014; Yang et al., 2017; Zimmerlin et al., 2016) . Whether the naive state in the human has been successfully generated, and accurately represents a distinct stage of human pluripotency in vivo is currently being debated (Bates and Silva, 2017; Davidson et al., 2015; Manor et al., 2015; Zimmerlin et al., 2017) .
The generation of naive state human PSCs has been proposed to " " confer advantages (e.g. single cell cloning, differentiation capacity) for the scienti c experimentation and therapeutic application of resultant fi cell types, however these p urported advantages are not yet proven ( ). Bates and Silva, 2017; Hackett and Surani, 2014; Manor et al., 2015 Hence, the development of standardised culture conditions and characterisation criteria for the production of bona de human naive PSCs will fi allow researc hers to formally test the hypothesised advantages of human naive PSCs over primed human PSCs. Several methods, reviewed below, have recently been employed to distinguish between primed hESCs and the putative human naive PSCs generated by different groups Liu et al., 2017; O'Brien et al., 2017; Pastor et al., 2016; Shakiba et al., 2015; Theunissen et al., 2016) . These studies correlate molecular and phenotypic differences between human naive-like and primed PSCs with surface markers, to identify new criteria that better de ne these cell populations ( fi Collier et al., 2017; Liu et al., 2017; O'Brien et al., 2017; Pastor et al., 2016; Shakiba et al., 2015) . The use of surface markers to define pluripotent cell populations allows for the straightf orward identi fi cation and selection of viable cells via fluor escence activated cell sort ing (FACS) or magnetic sorting. These strategies can be e asily and routinel y combined with other markers to allo w the i solation of viable cells in specific states of pluripotency for downstream research or medical applications (Choi et al., 2008; Collier et al., 2017; O'Brien et al., 2017) . This review focuses on current methods of naive cell culture and the differentiation between the naive and primed states through the use of cell surface antigens.
Comparison of naive and primed pluripotent states in mouse and human
Naive mouse ESCs and primed mouse EpiSCs share many similar " " features (Tesar et al., 2007) while also displaying differences in genetic and epigenetic profiles . In comparison to the primed st ate, naive mouse PSCs possess the capacity of chimaeraforming and a high single-cell clon ing ef ciency ( fi Gu o et al., 2009; Tesar et al., 2007; Ying et al., 2008) . Other key features of naive stem cells include dome-like colonies, X chromosome reactivation in female cells, and dependence on leukaemia inhibitory factor (LIF)/Stat3 signalling. Also, DNA hypomethylation is a key epigenetic hallmark of the naive state . In contrast, primed PSCs demonstrate a attened morphology, random X chromosome inactivation in fl female cells and genome-wide methylation (Nichols and Smith, 2011) . Although the expression of core pluripotency factors, Sox2, Oct4 and Nanog, are found in both pluripotent states, the expression levels of multiple transcription factors differ between naive and primed pluripotent cell populations ( ). For example, KLFs, Oct4 and Guo et al., 2009 Nanog are upregulated in mouse naive PSCs as compared with primed PSCs ( ). Guo et al., 2009 To date, the de nition of naive pluripotency is mainly based on the fi understanding of mESCs. Human ESCs, derived from preimplantation epiblasts, display characteristics reminiscent of the mouse primed state rather than the naive state (Hanna et al., 2010) . Therefore, the generation of human naive pluripotency in vitro requires speci c culture fi conditions and signalling pathways that differ from naive mESCs ( ). Moreover, naive PSCs from humans and mice Hanna et al. , 2010 have been demonstrated to show distinct epigenetic and genetic patterns ( ). X-chromosome inactivation (XCI) is a hallHuang et al., 2014 mark of the successful acquisition of a naive state in mice, however timing and regulation of XCI initiation is different between mouse and human which means that XCI is not a hall mark of the human naiv e state (Okamoto et al., 2011) . The gene expression pro le of naive PSCs fi in humans and mice is also signi cantly different. For example, ESRRß fi is expressed in the mouse epiblast but not in the human epiblast reflecting species-specific embryological differences (Guo et al., 2016) .
The potential of chimaera formation following blastocyst injection is a robust standard to de ne the naive pluripotent state in mice fi (Theunissen et al., 2014 ) . While chimaeric studies using humans have fa r reaching ethical concerns, this de ned pluirpotent state has also fi been demonstrated in other primates using ES cells derived from the Cynomolgus monkey maintained under naive conditions (Chen et al., 2015) . Interspecies chimaeras have been successfully generated in a rodent system and sh ow the potential gains of generating interspecies chimaeras using human cells. Interspecies chimaeras using rat naïve pluripotent cells injected into mouse pre implantation blastocysts, have generated developmentally normal chimaeras that can live for more than 2 years, and can correct for genetic defects . PDX1 knockout in mice leads to lack of pancreas formation and is lethal post birth. A chimaera using rat naive cells into the PDX1 null mouse background rescues this phenotype and gave rise to chimaeric mice that have a fully formed pancreas that reached adulthood . Human naive pluripotent cells, but not primed cells have been shown to integrate into the ICM of cows, which is an indication that chimaerism may occur, and a further study using these naive cells implanted into pigs showed integration but signi cant developmental fi retardation of embryos . Interspecies chimaera formation has also been attempted with primed hiPSC using a developmental staged matched approach (Mascetti and Pedersen, 2016) . Primed hiPSC cells were injected into the late stage gastrula resulting in greater than 70% chimaera formation, a similar rate to mEpiSC at this stage (Mascetti and Pedersen, 2016) . However, it is yet to be determined if a chimaera using human pluripotent cells could produce viable offspring.
In summary, there are multiple differences between the naive state in humans and mice, making it challenging to accurately describe the naive pluripotent state in humans and assess the quality of naive human PSCs derived by diverse methods.
Identi cation of human naive pluripotency in vitro
The potential to derive naive human PSCs attracts significant interest for multiple reasons ( ). Firstly, in the mouse these cells Qin et al., 2016 are characterised by a high growth rate and increased single cell survival, making them a perfect candidate for mass-expansion. However, attempts to induce a naive state in human PSCs have suggested that the naive state is more unstable in humans as compared with mi ce ( ). Pastor et al., 2016; Takashima et al., 2014; Theunissen et al., 2014 Lastly, these cells also provide a heretofore unavailable tool for investigating early stages of human embryogenesis. The derivation and characterisation of the naive state in humans remains a challenging and attractive proposition.
Multiple methods, based on earlier mouse studies, have now been described for inducing human naive plurip otency (Chan et al., 2013; Duggal et al., 2015; Gafni et al., 2013; Guo et al., 2016; Hanna et al., 2010; Qin et al., 2016; Takashima et al., 2014; Theunissen et al., 2014; Wang et al., 2014; Ware et al., 2014; Yang et al., 2017; Zimmerlin et al., 2016) . In 2008, a heterogeneous naive state in mice was achieved by exposure to leukaemia inhibitory factor (LIF), whereas LIF in conjunction with the inhibition of MEK and GSK3 signalling pathway, termed 2i/L, allows mESCs to attain a homogeneous naive pluripotency (Ying et al., 2008) . The 2i/L medium captures the naive state in mice by preventing differentiation and promoting self-renewal through blocking the FGF4 MEK ERK signalling pathway and indirectly stimu---lating Wnt/ -catenin signalling ( ). However, the Ten Berge et al., 2011 culture conditions of 2i/L without transgene expression are insuf cient fi to protect hESCs from differentiation stimuli to maintain the cells in the naive state ( ). Hanna et al., 2010 Recent studies have reported that a combination of the 2i/L culture condition and transgene expressi on including OCT4, KLF4 and KLF2 can induce a transgene-dependent naive state in the human (Hanna et al., 2010) . These cells possess a high single-cell cloning ef ciency, fi demonstrating a degree of commonality to mESCs (Hanna et al., 2010) . However, the continual requirement for ectopic gene expression raises concerns about the longer-term stability of these cells. Therefore, culture conditions for generating human naive cells that do not involve exogenous transgene expression are desirable. Modification to the 2i/L media via the addition of Forskolin allows the maintenance of a naive phenotype only requiring the transient overexpression of OCT4, KLF4 and KLF2 (Hanna et al., 2010) . Although the exact mechanism remains unclear, Forskolin is considered to play a partial role in inducing the expression of Klf4 and Klf2 ( ). Also, transient overexHanna et al., 2010 pression of KLF2 and NANOG allows naive cells to be sustained under 2i/L/PKCi conditions ( ). Human cells reset in this Takashima et al., 2014 manner displayed widespread demethylation and increased mitochondrial respiration suggestive of the naive state in rodents (Takashima et al., 2014) . Another method used NANOG/KLF2 overexpression with a combin ation of 5 kinase inhibitors to generate naive cells (Theunissen et al., 2014) . These cells exhibited predominant utilisation of the OCT4 distal enhancer, reduced H3K27me3 and increased pluripotency markers, indicating these cells are in a more naive state than hESCs ( ). A further recent study used the Theunissen et al., 2014 weighted gene co-expression network analysis to compare gene networks of human naive cells that were derived by various methods ( Huang et al., 2014) . This analysis found that data sets from Theunissen et al. and Takashima et al. display the highest similarity with mESCs in 2i/L, suggesting capture of human naive cel ls that correlate to the naive state in mice may still require genetic modi cation ( fi Huang et al., 2014) . However, possibly because of unstable gene expression, naive cells that are generated by short-term ectopic induction cannot be maintained stably in culture for long periods (Hanna et al., 2010; Takashima et al., 2014; Theunissen et al., 2014) .
As an alternative to transgenic approaches, a number of groups have generated naive cells using combinations of growth factors and small molec ules. The rst published tra nsgene independent protocol was fi termed the NHSM method. This method was based on 2i/L with the combination of inhibitors p38 (p38i), Jun N-terminal kinase (JNKi), atypical protein kinase C (aPKCi), RHO associated protein kinase 1 inhibitor (ROCKi), together with low doses of TGF 1 (or Activin A) and FGF2 ( ). The NHSM was also the rst protocol that Gafni et al., 2013 fi demonstrated the expansion of genetically unmodi ed human naive fi PSCs under both feeder cell-containing and feeder cell-free conditions ( ). These cells were reported to show many hallmarks Gafni et al., 2013 of the naive pluripotent state ( ). Using this method, Gafni et al., 2013 naive cel ls could be produced from both primed hESCs and somatic cells through iPSC reprogramming, but also directly from human preimplantation embryos (Gafni et al., 2013) . Another study described a protocol maintaining human naive cells in the medium, mTesr1, which contains high levels of FGF2 and TGF 1 together with 2i/LIF, ROCKi, and BMP receptor inhibitor (BMPRi) ( ). Moreover, in Chan et al., 2013 contrast with previously described protocols which all contain LIF, yet another study reported that 2i and FGF2 are enough to sustain human naive cells if pretreated with the histone deacetylase inhibitors butyrate and suberoylanilide hydroxamic acid (HDACi) ( ). AlWare et al., 2014 though these protocols differ from one another, most depend on the FGF2 and TGF-signalling pathways (Chan et al., 2013; Duggal et al., 2015; Gafni et al., 2013; Theunissen et al., 2014; Ware et al., 2014) (for a summary of media components used in naive protocols please see ). Whereas, long-term dependence on the FGF2 and TGF- Table 1 signalling pathways is requir ed for the primed state maintenance in mice instead of the naive state, suggesting the activity of the FGF and TGF-signalling pathways represents a signi cant difference between fi the tw o speci es (Brons et al., 2007; Han et al., 2010; Man or et al., 2015; Morgani et al., 2013; Tesar et al., 2007) .
Despite variation between studies, the action of MEK/ERK and GSK3B inhibitors in human and mouse naive cell maintenance is irreplaceable. However, the inhibition of GSK3B signalling was found to have a dual effect in human PSCs (Takashima et al., 2014; Theunissen et al., 2014) . It promotes cell survival and growth rate but also induces cell differentiation (Takashima et al., 2014; Theunissen et al., 2014) . It is suggested that the effect of GSK3B inhibitor together with the overexpression of Yes-associated protein (YAP), a signalling and transcriptional effector that is inhibited by the Hippo pathway, could provide an appropriate balance to maintain human naive cells ( ). Qin et al., 2016 A more recent study reported that some cell lines which are reset by HDACi grow more robustly under feede r c ell-free conditions with a very low level of GSK3B inhibitors or even without GSK3B inhibitors ( Guo et al., 2017) .
In summary, common approaches for naive PSC identi cation in fi humans include the analysis of morphology, single-cell cloning efficiency, dominant OCT4 enhancer, global DNA methylation status, X chromosome activation and the expression levels of pluripotency markers. Recently, have suggested that gene expression Theunissen et al., 2016 of transposable elements provides a reliable and sensitive methodology for identifying the naive pluripotent state in humans. In a ddition, they state that expression of certain tr ansposable elements, such as the human endogenous retroviruse s HERV-H and HERV-K, which are primate specific and found in human embryos, offer better criteria for the ide ntification of human naive pl uripotency (Theunissen et al., 2016) .
It is obvious from the studies described above that culture systems for naive cell generation differ from laboratory to laboratory, and human naive cells derived from various protocols have diverse characteristics. Therefore, to aid comparison of diverse methodologies and to provide objective and simple means for the surrogate identification of human naive pluripotent cells, the remainder of this review will focus on current efforts to identify cell-surface markers useful for the identifi cation and study of human naive PSCs.
Cell surface markers for human naive pluripotent stem cells
The use of antibodies to identify different populations of cells is not new, however identifying markers that provide speci c selection of spefi cific cellular subtypes remains challenging. As such, multiple markers to positively and negatively select for speci c cell types need to be fi rigourously con rmed using techniques such as those outlined in the fi previous sections to correlate surface antigen with other known characteristics of human naive PSCs.
Currently surface markers such as TRA-1-60, TRA-1-81, SSEA-3 and SSEA-4 are routinely used to identify hPSCs, and in some cases, have been used to remove pluripotent cells from heterogeneous populations (Andrews et al., 1984; Badcock et al., 1999; Fong et al., 2009; Henderson et al., 2002; Kannagi et al., 1983; Pera et al., 2000; Thomson et al., 1998) . The use of surface markers to identify different pluripotent states confers several advantages over other techniques.
One of the main advantage of using surface markers for the identification of naive hPSCs is the isolation of viable cells to be used for further downstream experimentation (Choi et al., 2008; Collier et al., 2017; Fong et al., 2009; Kolle et al., 2009; O'Brien et al., 2017; Shakiba et al., 2015) . These days, FACS machines or facilities are commonplace in research facilities and are therefore highly accessible to most researchers. Sorting is simple, fast and relatively cheap. Antibodies are simple to use and allow for the detection of functional surface protein and carbohydrate structures which have adopted their nal modi fi fications and conformations ( ). Surface ma rkers can also aid in th e Choi et al., 2014 enrichment of speci c target cells, generating cultures that are more fi homogenous than populations directly generated after cellular reprogramming ( ). In doing so it is possible to gener- Collier et al., 2017 ate new promising human cell lines for further research, or clinical applications .
Recently there have been several studies published utilising surface markers to discriminate between primed and naive-like states generated by various naive reprogramming protocols Liu et al., 2017; O'Brien et al., 2017; Pastor et al., 2016; Shakiba et al., 2015) . Already, various markers are reported to identify differences between naive reprogramming methodologies, and have found heterogeneous cell populations within them (for summary see ). Table 2 One study focused on the expression of the surface marker CD24 ( ). The study by Shakiba and colleagues showed Shakiba et al., 2015 that using the NHSM naive reprogramming protocol described above ( ), the naive cells produced had a reduced level of Gafni et al., 2013 " " CD24 surface expression when compared with primed hESCs. This is consistent with another study that used single cell RNA sequencing data from the human embryo (Yan et al., 2013) , which found that levels of CD24 are low in the early stages of embryo development, and increase toward post implantation, consistent with CD24 being a marker of an earlier naive state. Heterogeneity was also found within the naive-like cell population with two phenotypes described, CD24 high / TRA-1-60(+) and CD24 low /TRA-1-60(+). Gene expression analysis of the C D24 Low /TRA-1-60(+ ) population dem onstrated enrichment of naive associated genes when compared to CD24 high /TRA-1-60(+ ) cells, indicating this marker could be used to remove some degree of heterogeneity from reprogrammed cell populations (Shakiba et al., 2015) . This nding has been con rmed by the Polo laboratory and colfi fi leagues who demonstrated that NHSM derived cells stained positively for CD24 ( ). They also looked at the expression of CD24 Liu et al., 2017 using the other methods of generating naive-like cells discussed in this review. They showed that naive-like cells from the 5i/ L/FA ( ) and t2i/L + G Y (t2i/L + PKCi with added Theunissen et al., 2014 ӧ ROCK inhibitor Y-27632) (Takashima et al., 2014) methods, CD24 was negative in these populations and positive in primed cells, consistent with previous studies (Table 2) Liu et al., 2017) . It is therefore likely that CD24 will play an important role in comparisons between different methodologies and the deri vation of new human naive cell lines.
Pastor et al., 2016 found that SSEA4 (a surface marker for hESCs (Henderson et al., 2002; Kannagi et al., 1983; Pera et al., 2000; Thomson et al., 1998) ) was also found to be heterogeneously expressed in naive-like cells generated using the 5i/L/FA conditions described by Theunissen et al., 2014 . RNA sequencing data generated from SSEA4 negative naive-like cells ( ), indicated that the SSEA4 Pastor et al., 2016 negative population had higher expression levels of naive associated genes, and down-regulation of primed associated genes. The SSEA4 negative cell s also displayed a dome-like colony morphology, consistent with a naive phenotype (Hackett and Surani, 2014; Pastor et al., 2016; Tesar et a l., 2007) . Overall levels of DNA methylation analysed in SSEA4 negative cells were similar to levels in the human blastocyst ( ), however the speci c patterns of methylation were Okae et al., 2014 fi not identical (Pastor et al., 2016) . Of the many methods used to generate naive-like cells, only 5i/L/FA (Theunissen et al., 2014) and t2i/L + PKCi ( ) have been shown to exhibit SSEA4 negative Takashima et al., 2014 populations ( ). rmed this using both Table 2 Liu et al., 2017 confi methods and generated cells that were negative for both SSEA4 and another hESC marker SSEA3 (Table 2) (Henderson et al., 2002; Kannagi et al., 1983; Pera et al., 2000) . Cells from these two methods (5i/L/FA and t2i/L + G Y) clustered together using spanning-tree progression ӧ analysis of density-normalized events (SPADE) and ViSNE, while remaining separate from primed cell populations (Liu et al., 2017) , adding further evidence to the argument that these methods produce naive cells that more closely resemble cells of the preimplantation human blastocyst. Clearly distinctions can be made within, and between methodologies using these surface markers, demonstrating a spectrum of pluripotent phenotypes are produced by the different naive reprogramming protocols (Davidson et al., 2015; Hackett and Surani, 2014; Zimmerlin et al., 2017) .
Recently, cell surface marker libraries were tested via ow cytomefl try on the 5i/L/FA and t2i/L + PKCi methods that identifi ed markers that appear to distinguish between different naive states and primed cells with higher ac curacy than the use of single markers described Guo et al. (2017) above. Collier et al., 2017 , analysed a cell surface antibody library using fl fi ow cytometry pro ling of both 5i/L/FA (Theunissen et al., 2014) and t2i/L + PKCi (Takashima et al., 2014 ) methods of generating naïve-like c ells ( ). They detected multiple markers that Collier et al., 2017 were unique to naive and primed states. A few surface markers were chosen and further assessed by ow cytometry and immuno fl fluorescent Table 2 Surface antigen pro ling of cells generated from different naive cell methodologies. fi *References: a. Qin et al., 2016; b. Chan et al., 2013; c. Gafni et al., 2013; d. Shakiba et al., 2015; e. Liu et al., 2017; f. O'Brien et al., 2017; g. Ware et al., 2014; h. Collier et al., 2017; i. Pastor et al., 2016 . Green = positive staining Blue = negative staining.
staining. CD75, CD7, CD77 and CD130 were positive only in naive-like cells whereas CD24, CD57, CD90 and HLA-A,B,C were positive only in primed H9 PSCs (Table 2 ) . Decreases in the MHC class I associated proteins HLA-A,B,C after naive conversion have also been seen in other studies using a variety of naive reprogramming methods (Gafni et al., 2013; Hanna et al., 20 10; Zimmerlin et al., 2016) (Table 2 ). This suggests that while HLA-A,B,C might be useful in tracking naive reprogramming, they may not discriminate between different methods to a high degree in isolation. From this data, a panel of surface markers was proposed that could discriminate between the two states, which incorporated the naive and primed speci c markers fi CD75, CD7, CD77, CD130, CD24, CD57 and CD90 ( ). Collier et al., 2017 Not only was this panel used to identify and distin guish between naive and primed cells, but could detect t2i/L + PKCi derived naive cells that were mixed into a primed population when gated for CD75 +/CD130 + cells via ow cytometry. Various surface markers fl also displayed different temporal changes in expression when analysing the reprogramming of primed cells with the t2i/L + PKCi methodology. For example, the naive markers CD7 and CD130 were upregulated rapidly, whereas upregulation of CD75 occurred later during reprogramming . By measuring changes in surface expression over time it is possible to gain insight into the dynamic reprogramming process, and could aid in uncovering important signalling events crucial for ground state reprogramming. Furthermore, a " " smaller group of markers CD24, CD57, CD75 and CD130, replicated the results seen when the full panel was used to distinguish between the two states . Previous expression profiling of preimplantation human embryos (Blakeley et al., 2015; Guo et al., 2014; Okamoto et al., 2011; Petropoulos et al., 2016; Theunissen et al., 2016; Vallot et al., 2017; Yan et al., 2013) indicated that many of the naive speci c markers are expressed in the early stages of development, adding fi further evidence to their usefulness as naive markers. However, CD7 was found to have different expression levels, indicating that naive reprogrammed cells do not completely mirror an in vivo preimplantation "ground state" ( ). Collier et al., 2017 Early this year, our group in collaboration with others reported a new panel of surface markers useful for the identification of hPSCs (O'Brien et al., 2017) . This panel of monoclonal antibodies targeted the surface proteins CDCP1, F11R, DSG2, CDH3, NLGN4X, PCDH1 and GPR64. All proteins successfully stained hESCs, without staining the mouse embryonic feeder layer, and correlated with OCT4 positive cells. However, when staining cells derived from naive-like reprogramming cultures, a subset of these antibodies displayed different immunoreactivity when compared to primed hPSCs . Using the 5i/L/FA method (Theunissen et al., 2014) , cells had lower reactivity for the proteins GPR64, CDH3, NGLN4X and PCDH1. RSeT™ (a commercia lly availa ble media) cultured naive-like cells also displayed lower reactivity to CDH3, NGLN4X and PCDH1. However, the differences seen between the naive and primed states were not as striking as in the 5i/L/FA cultured cells. In contrast to this, NHSM (Gafni et al., 2013) derived naive-like cells displayed similar levels of reactivity to primed hPSCs for all antibodies. Other proteins in the panel displayed high levels of reactivity to both primed and naivelike cells, which included F11R, CDCP1 and DSG2. To further test the utility of certain antibodies in discriminating between naive-like states, a more in depth analysis was performed in a recent study (Liu et al., 2017) . This study included a panel of antibodies containing human pluripotency markers TRA-1-60, SSEA4, SSEA3 and other markers previously used CD24, NLGN4X and F11R (O'Brien et al., 2017; Shakiba et al., 2015) . Comparisons between primed hPSCs and genetically identical naive-like cells generated by 5i/L/FA ( ), t2i/L Theunissen et al., 2014 + GӧY (Takashima et al., 2014) RSeT™, and NHSM (Gafni et al., 2013) were made via SPADE and ViSNE analysis. Results fro m the Liu et al. study ( ) indicat ed that the 5i/L/FA and t2i/L + G Y Liu et al., 2017 ӧ methods clustered together. Both had negative reactivity for NLGN4X, SSEA3, SSEA4, CD24 with low reactivity for TRA-1-60 and high reactivity for F11R. This contrasted with primed and RSeT™ cultured cells which clustered together and were positive for all markers. Interestingly, NHSM cultured cells had positive reactivity for CD24, SSEA4, F11R and TRA-1-60 but were low for SSEA3 and NLGN4X (Liu et al., 2017) . This result seems to suggest that based on this panel of antibodies, NHSM cultured cells display phenotypic traits of primed and both 5i/L/FA and t2i/L + GӧY naive cells. Surprisingly, NHSM cells displayed low expression of NGLN4X, whereas previous results had indicated high expression using this culture method ( ). These differences could possi-O'Brien et al., 2017 bly be attributed to the different methods that were used to generate the naive cells using NHSM conditions. In the rst study ( fi O' Brien et al., 2017) hiPSCs were placed under NHSM conditions, whereas the second study (Liu et al., 2017) used reprogrammed human fibroblasts with Sendai viruses overexpressing OCT4, SOX2, KLF4 and c-Myc (OKSM) under NHSM conditions. Further experiments are needed to determine if this difference was attributed to the naive cell generation methods used. These markers provide new insights into the surface pro les of naive fi like cells, with SSEA3 negative, NLGN4X negative and F11R high populations being specific to the 5i/L/FA and t2i/L + GӧY condi tions (Liu et al., 2017) . Decreased surface expression of GPR64, CDH3, NGLN4X and PCDH1 in the 5i/L/FA cultures (O'Brien et al., 2017) could also be used in a similar fashion to CD24, removing populations of cells after reprogramming that display weaker naive-like characteristics. Given that both t2i/L + GӧY and 5i/L/FA methods have found to cluster closely to preimplantation embryonic gene expression data (Liu et al., 2017; Pastor et al., 2016; Yan et al., 2013) , it is likely that these surface marker patterns will aid in the generation of cell lines that closely match the human preimplantation state of pluripotency.
Conclusion
Robust techniques are needed so direct comparisons can be made between primed, naive, and most importantly pre-implantation human epiblast cell types, to capture the human ground state " " in vitro if it exists. The surface markers discussed here are useful tools toward this goal and future studies should address whether these surface molecules and associated pathways are required for the induction and/or maintenance of both primed and naive human pluripotency. To test whether these surface markers play active roles in the maintenance or transition of pluripotent stages, knock out and conditional knock out studies would need to be performed on both human somatic cells prior to pluripotency induction and on human naive and primed pluripotent stem cell lines. It is clear that as yet, there is no wellde ned consensus method for the production of fi bona-fide human naive pluripotent stem cells. Moreover, the utility of human naive pluripotent stem cells for the production of cell types usable in the treatment of diseases or injuries is currently untested. While it is too early to speculate on the impact that human naive pluripotency will have on development and disease modelling it is clear that using objective measures, such as the cell-surface markers described here, to de ne disfi tinct pluripotent populations will allow us to determine if naive human pluripotent stem cells have functional advantages ov er the human primed pluripotent stem cells currently being tested for the treatment of a range of human diseases.
